Osteocytes experience plasma membrane disruptions (PMD) that initiate mechanotransduction both in vitro and in vivo in response to mechanical loading, suggesting that osteocytes use PMD to sense and adapt to mechanical stimuli. PMD repair is crucial for cell survival; antioxidants (e.g., alpha-tocopherol, also known as Vitamin E) promote repair while reactive oxygen species (ROS), which can accumulate during exercise, inhibit repair. The goal of this study was to determine whether depleting Vitamin E in the diet would impact osteocyte survival and bone adaptation with loading. Male CD-1 mice (3 weeks old) were fed either a regular diet (RD) or Vitamin E-deficient diet (VEDD) for up to 11 weeks. Mice from each dietary group either served as sedentary controls with normal cage activity, or were subjected to treadmill exercise (one bout of exercise or daily exercise for 5 weeks). VEDD-fed mice showed more PMD-affected osteocytes (+ 50%) after a single exercise bout suggesting impaired PMD repair following Vitamin E deprivation. After 5 weeks of daily exercise, VEDD mice failed to show an exercise-induced increase in osteocyte PMD formation, and showed signs of increased osteocytic oxidative stress and impaired osteocyte survival. Surprisingly, exercise-induced increases in cortical bone formation rate were only significant for VEDD-fed mice. This result may be consistent with previous studies in skeletal muscle, where myocyte PMD repair failure (e.g., with muscular dystrophy) initially triggers hypertrophy but later leads to widespread degeneration. In vitro, mechanically wounded MLO-Y4 cells displayed increased post-wounding necrosis (+ 40-fold) in the presence of H 2 O 2 , which could be prevented by Vitamin E pre-treatment. Taken together, our data support the idea that antioxidant-influenced osteocyte membrane repair is a vital aspect of bone mechanosensation in the osteocytic control of PMD-driven bone adaptation.
Introduction
Antioxidants are crucial to cell health and survival because they scavenge and neutralize free radicals, protecting the body against oxidative damage. One antioxidant of interest in the musculoskeletal system is Vitamin E. This lipidsoluble antioxidant has two main classes, tocopherols and tocotrienols, both of which possess four isoforms (α, β, γ, δ). Alpha-tocopherol demonstrates the highest bioavailability and is therefore the most common form of Vitamin E in the body [1] [2] [3] . Alpha-tocopherol preferentially binds to the alpha-tocopherol transport protein (αTTP), the transporter responsible for loading Vitamin E into lipoproteins which can then be transported into the bloodstream and distributed throughout the body. Previous studies on the role of Vitamin E in skeletal health have yielded conflicting results. For example, one study reported that young mice deficient in αTTP had high bone mass, suggesting a negative effect of Vitamin E in bone [4] . However, subsequent studies demonstrated that (1) aged αTTP knockout mice had reduced cortical bone mass, (2) low dietary Vitamin E intake did not increase bone mass in mature rats, (3) high dietary Vitamin E intake did not reduce cortical bone mass in mature rats, and (4) high Vitamin E intake did not affect cortical bone mass in maturing rats [5, 6] . Human studies, likewise, have shown conflicting results regarding the beneficial or detrimental effects of Vitamin E on bone health [7] [8] [9] [10] [11] [12] [13] . Thus, the role of Vitamin E in bone remains unclear and somewhat controversial.
Free radicals are generated during the mechanical loading of exercise [14] . In many cell types, mechanical loading also produces small (nanometer to micron sized) tears in the cell membrane called plasma membrane disruptions (PMD), and Vitamin E can be a vital component of PMD repair in this context [1, 3] . Membrane disruptions in eukaryotic cells that are on the order of nanometers may heal spontaneously, but larger disruptions require active repair mechanisms that are largely dependent on calcium signaling [15, 16] . Repair of membrane disruptions is slowed or even prevented by the presence of reactive oxygen species like hydrogen peroxide [3, 17] . In skeletal muscle myocytes, Vitamin E deficiency leads to muscle atrophy caused by death of myocytes that are unable to properly repair PMD formed in their sarcolemma [17] . Bone, like muscle, is a mechanically responsive tissue; mechanical loading promotes an increase in skeletal mass and strength because matrix-embedded osteocytes transduce mechanical signals to direct skeletal adaptation. Our laboratory recently demonstrated that osteocytes develop PMD during in vitro and in vivo mechanical loading, and that these PMD initiate osteocyte mechanotransduction mechanisms including calcium signaling and up-regulation of the mechanoresponsive protein c-fos [18] . These data suggest that PMD help osteocytes detect and respond to mechanical loading. However, repair of these membrane tears is necessary for cell survival [3, 16] , and the mechanisms by which osteocytes repair their cell membrane after a PMD are not well understood. In skeletal muscle, Vitamin E supplementation promoted myocyte membrane repair rate [17] . Myocytes from Vitamin E-deprived rats had an inhibited ability to repair PMD, but this phenotype could be reversed with Vitamin E supplementation [3] . In addition, Vitamin E-deprived rats subjected to downhill treadmill running demonstrated increased muscle damage as compared to rats fed a regular diet, but supplementation with Vitamin E ameliorated the effects of exercised-induced muscle damage [3] .
In our previous study, we showed that the antioxidants Vitamin C (ascorbic acid) and Vitamin E (alpha-tocopherol) increased PMD repair rate in osteocytes, similar to earlier reports for myocytes [3, 17] . These data suggest that osteocytes are capable of rapidly repairing membrane tears when they occur, and that repair rate can be modulated pharmacologically via antioxidants. However, this relationship between antioxidants and osteocyte membrane repair rate has only been studied in vitro thus far. To test the role of the antioxidant Vitamin E in bone adaptation and osteocyte membrane repair in vivo, we subjected mice to a Vitamin E-deficient diet and examined the acute and chronic effects of mechanical loading (by exercise) on bone. The goal of this study was to determine whether depleting levels of the antioxidant Vitamin E would impact osteocyte survival and bone adaptation during in vivo loading. We hypothesized that depletion of Vitamin E would lead to an increase in oxidative stress that would impair osteocyte survival.
Materials and Methods

Animals and Diet
All experiments followed NIH guidelines and were approved by the Institutional Animal Care and Use Committee at Augusta University. Male CD-1 mice were obtained from a commercial supplier (3 weeks old, Envigo, n = 50) and housed in standard rodent cages with Tek Fresh bedding (Teklad #7099) on a 12-h light/12-h dark schedule. Mice were permitted water ad libitum, and were randomly assigned to be fed either a regular diet of standard rodent chow (RD: Teklad #2018; 110 IU/kg Vitamin E) or a Vitamin E-deficient diet (VEDD: Teklad #TD.88163; 0 IU/kg Vitamin E) ad libitum immediately upon arrival (n = 25 per group). Dietary composition and energy density were similar between the two diets with the exception of Vitamin E content (Supplemental Table 1 ). One VEDD mouse and one RD mouse died prior to conclusion of experiments.
Treadmill Exercise
Animals were subjected to 6 weeks of diet administration prior to the onset of exercise studies. To determine the effects of acute loading (one exercise bout) on osteocytes, a subset of mice from each dietary group (n = 4-5 mice per group) were subjected to one strenuous exercise bout (− 15° downhill, linearly increasing speed from 10 m/min to 40 m/min over 30 min), as we previously reported [18] and sacrificed within 2 h of loading. To determine the effects of chronic loading, the remaining mice were subjected to daily exercise on a flat treadmill (12 m/min for 30 min/day, 5 days/week) for 5 weeks, or served as sedentary (normal cage activity) controls (n = 9-10 mice per group). This exercise regimen was selected as it was previously demonstrated to be osteogenic [19] . Vitamin E-deficient or control diets were administered throughout the exercise period. Sedentary control mice were exposed to the inactive treadmill environment 1 3 on a daily basis. Calcein (10 mg/kg, subcutaneous injection) was administered at 5 and 1 days before sacrifice to label mineralizing surfaces for analysis of bone formation by histomorphometry. All mice received intraperitoneal injections of Evans Blue (50 mg/kg body mass) to act as an exogenous PMD tracer 18 h prior to the final training bout and were sacrificed within 2 h of loading. Mice were perfused with 10% formalin prior to tissue collection.
MicroCT
At the conclusion of the study, cortical bone architecture was analyzed in mid-diaphysis of the left femur for the chronic exercise groups by ex vivo microCT (Skyscan 1174), as previously described [20] . The scanner was equipped with a 50-kV, 800-mA X-ray tube. Samples were maintained in a moist environment and scanned in air using a resolution of 16 microns, an integration time of 2000 ms, and a 0.5° rotation step. Reconstructions (grayscale threshold set from 60 to 220) were subjected to morphometric analyses using CTAn software (Skyscan); quantified properties included cortical bone area (Ct.B.Ar, mm 2 ), polar moment of inertia (Ipolar, mm 4 ), maximum moment of inertia (Imax, mm 4 ), minimum moment of inertia (Imin, mm 4 ), and cortical bone thickness (Ct.Th, mm).
Detection of PMD in Cortical Bone
The right femur from each mouse was fixed in 10% neutral buffered formalin and cryosectioned longitudinally (undecalcified, 5 µm thickness) using Cryofilm IIC, as previously described [18] . Two RD exercise and one VEDD exercise samples were damaged during processing and were subsequently excluded from analysis. To detect Evans Blue staining, sections were imaged in PBS containing FM1-43 dye (used to label intracellular membranes and confirm the presence of an intracellular Evans Blue signal) on LSM780 multiphoton confocal microscope. Images were captured as a Z-stack (series of 20-30 images through section thickness) and processed into a maximum intensity projection. Five to ten images per bone were captured and analyzed in Bioquant Osteo software to quantify percentage of Evans Blue labeled osteocytes [18] . To validate Evans Blue staining, the left tibia from a subset of mice (n = 4-7 mice per group) was decalcified, cryosectioned (7 µm) onto Histogrip (LifeTechnologies #008050)-coated slides, and immunohistochemically stained to detect albumin as an endogenous PMD tracer, as we previously described [18] . Albumin was detected with a FITC-conjugated antibody (AIFAG3140, Accurate Chemical & Scientific Company, 1:100 dilution), and sections were mounted with DAPI (Vectashield H1500) and imaged with a confocal microscope (Zeiss).
Lacunar Occupancy
Decalcified tibial sections (n = 8-10 mice per group) were stained with Goldner's Trichrome to determine osteocyte lacunar vacancy as a measure of cell viability. Bone sections were examined at × 400 magnification, and a total of 10 images per bone were collected at random locations throughout the cortical bone. The percentage of empty osteocyte lacunae was quantified with image analysis software (Bioquant OSTEO).
Reactive Oxygen Species
To determine whether dietary Vitamin E deprivation affected oxidative stress in bone, histological sections from the left tibia (n = 3-8 mice per group) were subjected to 4-HNE staining to detect lipid peroxidation as previously described [21] . Cryosections were incubated overnight with a rabbit anti-4HNE antibody (Alpha Diagnostic International) or a non-specific IgG control (Jackson ImmunoResearch #001-000-003) and developed with 3,3′-diaminobenzidine (DAB) peroxidase substrate (Sigma D3939). Sections were counterstained with Fast Green. Bone sections were imaged at × 400 total magnification, and immunostaining was quantified as the ratio of 4-HNE-positive osteocytes to the total number of occupied osteocyte lacunae with image analysis software (Bioquant OSTEO).
Cortical Bone Formation
The right tibial diaphysis from a subset of mice from the chronic exercise group (n = 5 mice per group) was embedded in methyl methacrylate for dynamic histomorphometry as previously described [22, 23] . Cross sections were cut from the diaphysis with a low speed diamond saw (Buehler Isomet) and hand polished on a grinding wheel (Buehler Ecomet) to < 100 micron thickness. Sections were mounted on glass slides (Permount) and imaged with a fluorescent microscope (Olympus IX-70) and digital camera (QIcam). Calcein labels were imaged with a FITC cube, and periosteal and endocortical mineral apposition rates (MAR, µm/day), mineralizing surfaces (MS/BS, %), and bone formation rates (BFR/BS, µm calf serum (HyClone) + 1% Penicillin/Streptomycin. Cells were seeded onto type 1 collagen-coated glass coverslips and cultured for 24 h in either normal culture medium or culture medium supplemented with Vitamin E (220 µM alpha-tocopherol, Sigma #T3251), or Trolox (220 µM, Sigma #238813; a water-soluble form of Vitamin E). Cells were treated with vehicle or H 2 O 2 (1 mM) for 10 min and then subjected to mechanical wounding with glass beads in the presence of lysine-fixable fluorescein-conjugated dextran (10 kDa, 5 mg/ml + 10 mg/ml BSA), as we previously described [18] . Five minutes after wounding, cells were stained with propidium iodide (0.3 mg/ml) to detect dead cells (i.e., unrepaired PMD). Images were collected at randomized positions on the coverslip, where at least 10 cells were visible per field of view, using a multi-photon confocal microscope (Zeiss). The ratio of dead to repaired cells was calculated with image analysis software (Bioquant OSTEO). Three independent trials of each experimental condition were completed.
Statistics
For each property, groups were compared by t-tests (acute exercise: 2 diet) or 2-factor ANOVA with interaction (chronic exercise: 2 diet × 2 exercise) followed by Tukey's HSD post hoc test when significant interaction effects were detected using JMP 13.0.0 (SAS Institute., Cary, NC). A log transformation was used when necessary to stabilize the variance of the residuals; this approach was used for Ps. MS/BS, Ps. MAR, Ps. BFR, and measurements of lacunar occupancy. For in vitro studies, groups were compared with 1-factor ANOVA and Tukey's HSD post hoc test. Statistical significance was set at p < 0.05 for all comparisons, and trends were considered when p < 0.1. For quantification of histological/imaging studies, data were collected in a blinded fashion, and the same operator collected all data within a given experiment to limit inter-observer variability. Data are presented as mean ± standard error (SE), unless otherwise indicated. Sample sizes are indicated in each figure and/or caption.
Results
VEDD-Fed Mice had Increased Cortical Bone Osteocyte PMD Formation in Response to Acute Loading
VEDD-fed mice demonstrated a significant increase in the number of osteocytes experiencing PMD after a single strenuous downhill training bout, suggesting either impaired PMD repair or increased membrane fragility (Fig. 1) . All VEDD-fed mice completed the acute exercise bout, and did not demonstrate impaired running ability as compared to RD-fed mice, unlike longer-term (~ 11 months) Vitamin E deprivation studies in rats [3] .
VEDD-Fed Mice Demonstrated Enhanced Periosteal Bone Formation in Response to Daily Treadmill Exercise, but RD-Fed Mice did not
Since one bout of loading enhanced osteocyte membrane wounding in VEDD-fed mice, we next investigated the chronic effects of mechanical loading on bone in this model. Similar to the acute studies described above, no deficiency in treadmill running ability was noted in VEDD-fed as compared to RD-fed mice. Interestingly, there was a significant interaction effect observed between diet and exercise for cortical bone periosteal mineralizing surface, periosteal mineral apposition rate, and periosteal bone formation rate (Fig. 2) , indicating that periosteal bone formation was enhanced by exercise in the VEDD-fed mice but not the RD-fed mice. Neither diet nor exercise affected endocortical mineralizing surface, endocortical mineral apposition rate, or endocortical bone formation rate (p > 0.22), and there were no interactions observed for any of these properties (data not shown). From microCT studies, daily exercise increased cortical bone geometrical properties including cortical bone area (p = 0.016), polar moment of inertia (p = 0.047), and minimum moment of inertia (p = 0.043), and tended to increase the maximum moment of inertia (p = 0.056), but diet did not affect any of these properties (p > 0.59) (Fig. 3) . Neither diet nor exercise affected cortical bone thickness (p > 0.33). 
VEDD-Fed Mice had Reduced Lacunar Occupancy
Unexpectedly, after 5 weeks of training, VEDD-fed mice failed to show an exercise-induced increase in PMDlabeled osteocytes unlike their RD-fed counterparts. Identical trends were observed whether the PMD indicator was exogenous Evans Blue dye or endogenous albumin (Fig. 4) . Since VEDD-fed mice showed enhanced wounding in response to a single bout of loading (Fig. 1) , and Vitamin E deprivation impaired membrane repair and led to cell death in skeletal muscle [3] , we hypothesized that VEDD-fed mice might be experiencing PMD repair failure and a subsequent reduction in osteocyte viability. Osteocyte lacunar vacancy was quantified as a metric of osteocyte cell death (Fig. 5a ). Both diet and exercise significantly (p < 0.016) increased the percentage of vacant lacunae; a trend for a significant interaction effect was suggested (p = 0.092) where exercise tended to increase lacunar vacancy in RD-fed mice but not in VEDD-fed mice. (Fig. 5b) .
VEDD-Fed Mice Demonstrate Increased Oxidative Stress in Osteocytes
Tibial sections from RD-and VEDD-fed sedentary mice were stained for 4-HNE, a marker of lipid peroxidation. Both diet (p = 0.047) and exercise (p = 0.032) affected osteocytic levels of oxidative stress, as seen by 4-HNE staining; VEDD-fed mice had greater levels of 4-HNE staining, whereas interestingly 4-HNE staining was suppressed in the exercised groups (Fig. 6 ). An interaction effect was not observed (p = 0.493). 
Oxidative Stress Impairs Post-wounding Osteocyte Survival but Can Be Counteracted by Antioxidant Treatment
Following observation of increased oxidative stress in VEDD-fed mice in vivo, we sought to mechanistically test the effects of reactive oxygen species and Vitamin E on osteocyte membrane repair and survival in vitro. We previously showed that impairing PMD repair processes in osteocytes leads to post-wounding cell death [18] , and it has been demonstrated that oxidative stress (e.g., from H 2 O 2 ) impairs PMD repair in other cells like myocytes [3, 17] . To test this in osteocytes, we mechanically wounded osteocytes after introducing oxidative stress (via H 2 O 2 ), with or without pre-treatment by Vitamin E, and stained cells with propidium iodide 5 min after wounding to detect non-repaired (necrotic) cells. In this timeframe, oxidative stress from H 2 O 2 did not cause cell death in the absence of wounding (data not shown). With wounding, however, H 2 O 2 treatment significantly increased cell death after injury, suggestive of impaired PMD repair. While Vitamin E antioxidant treatments did not substantially impact post-wounding cell death on their own, they significantly attenuated post-wounding cell death attributed to H 2 O 2 treatment (Fig. 7) . 6 Oxidative stress is increased in VEDD-fed mice. a Longitudinal tibial sections of RD-and VEDD-fed mice were stained to detect 4-HNE, a marker of lipid peroxidation and oxidative stress; these representative samples are from the sedentary groups for each respective diet. Little to no staining was observed with a non-specific IgG control. Counterstain: Fast Green, × 400 original magnification. b Both diet and exercise significantly affected 4-HNE staining, with staining higher in VEDD-fed mice than RD-fed mice and surprisingly lower in exercised mice as compared to sedentary mice. p values for factors in the 2-factor ANOVA with interaction analysis are shown. Box plots show median, quartiles, and outlier fences for each group From these data, we propose that plasma membrane repair in osteocytes is deleteriously affected by oxidative stress, suggesting an important role for antioxidants like Vitamin E in osteocyte survival.
Discussion
While the role of Vitamin E in skeletal health remains controversial, our data support the idea that Vitamin E has a beneficial function in bone. Compared to controls, Vitamin E-deprived mice showed increased osteocytic oxidative stress, increased lacunar vacancy, and decreased periosteal bone formation under conditions of normal cage activity. These results are consistent with previous studies supporting a beneficial role for Vitamin E in the skeleton. For example, alpha-tocopherol supplementation ameliorated some of the deleterious effects of ovariectomy in mice: medium and low doses of alpha-tocopherol increased bone mineralizing surface, while medium and high doses of alpha-tocopherol helped to offset the increased number of osteoclasts and erosion normally caused by ovariectomy [24] . Similarly, Vitamin E supplementation had beneficial roles in fracture healing [25] , and in reducing the severity of disuse-induced bone loss [26] . A recent report also indicated that Vitamin E supplementation reduced osteocyte death caused by steroid and endotoxin treatment [27] . The increased presence of osteocytic oxidative stress in the tibias of the Vitamin E-deprived mice studied here supports an important antioxidant role for Vitamin E in bone, and our in vitro data suggest that Vitamin E may be important for counteracting skeletal oxidative stress to promote osteocyte survival. Important antioxidant effects of Vitamin E have also been shown in the human musculoskeletal system: in elderly subjects, activity levels of the antioxidant enzymes superoxide dismutase (SOD) and glutathione peroxidase (GPx) were positively correlated with hip bone mineral density (BMD) measurements, and supplementation with high-dose antioxidants for 12 months reduced lipoperoxides and prevented BMD loss at the hip [13] . With regard to exercise, supplementation with Vitamin E reduced muscle damage in men exercising under hypoxic conditions known to cause enhanced oxidative stress [28] . Vitamin E is thought to reduce oxidative damage in humans via prevention of lipid peroxidation, which is the same mechanism suggested in rodent models [17, 28] . Taken together, these data support Vitamin E's beneficial role in bone, particularly under stressful conditions.
While reducing oxidative stress may be beneficial from a cell survival standpoint, some level of oxidative stress may be advantageous for tissue adaptation. For example, high doses of antioxidant supplementation constrained the favorable skeletal benefits of 12 weeks of resistance exercise in healthy elderly men [8] , a result that mimicked the deleterious effects of high Vitamin E in rodent models [4] . In line with this concept, in the current study, exercise-induced changes in cortical bone formation were surprisingly only significant for VEDD-fed mice: periosteal mineralizing surface, MAR, and bone formation rate were increased with exercise in VEDD-fed mice as compared to sedentary VEDD-fed mice, but were not different between exercised RD-fed mice as compared to sedentary RD-fed mice at the conclusion of the study. Exercise increased cortical bone geometry measurements (e.g., cortical bone area) similarly in VEDD-and RD-fed mice, possibly because the short duration of loading was not sufficient for the differences in bone formation rate to manifest as differential structural changes in the bone. The enhanced response of periosteal bone formation to exercise in VEDD-fed mice may parallel the biology of skeletal muscle, where impaired PMD repair (e.g., dysferlinopathy-related muscular dystrophy) initially triggers a hypertrophic response that later evolves into tissue degeneration [29] . Consistent with this idea, in our previous study, we observed that osteocytes with membrane repair failure still undergo an initial burst of calcium signaling that can activate mechanotransduction in neighboring (non-wounded) cells, whereas enhancing osteocyte membrane repair rate with Vitamin E blunted the woundinginduced up-regulation of c-fos [18] and calcium signaling (data not shown). Therefore, it is possible that the VEDDfed mice may have been sensitized to mechanical loading in this manner. However, since osteocyte death (increased lacunar vacancy) was also increased in VEDD-fed mice, it would be interesting to see if skeletal responses to longerterm Vitamin E deprivation and mechanical loading would be impaired by a potentially progressive depletion of the osteocyte population. Studies conducted in rats have shown that long-term Vitamin E-deprivation leads to a muscle phenotype consistent with diseases caused by myocyte repair failure, and that Vitamin E supplementation promoted membrane repair in these animals [3] . Together, our data support the idea that osteocytes experience PMD with mechanical loading in vivo and support the idea that osteocyte membrane repair rate is an important aspect of bone's mechanosensitivity and adaptation to loading.
We were surprised to observe that VEDD-fed mice showed enhanced osteocyte wounding in response to a single, strenuous bout of exercise, but did not show an exerciseinduced increase in osteocyte wounding at the conclusion of the chronic loading experiments. In contrast, RD-fed mice showed a robust increase in osteocyte PMD-labeling with exercise that was consistent with our previous findings in several experiments [18] . At present, we do not have a definitive explanation for this finding. Measurements for evidence of osteocyte membrane tears relied on cellular uptake of endogenous albumin, whether bound to the exogenous tracer Evans Blue or detected via immunostaining. Although mechanical loading has been shown to increase permeability of the lacuno-canalicular system to molecules the size of albumin (~ 70 kDa, [30] ), we are confident that the signal measured was intracellular, as wounded cells were identified by co-staining with FM1-43 that labeled intracellular membranes. As both sedentary and exercised VEDD-fed mice had greater lacunar vacancy and greater 4-HNE staining indicative of oxidative stress, and even normal cage activity causes a baseline level of wounding (Fig. 4) , one possibility is that the osteocytes most vulnerable to wounding and/or death after wounding did not survive until the conclusion of the experiment, and that surviving osteocytes were selected for enhanced repair ability over the course of the study. Future studies will better address this issue by examining a more thorough time course for Vitamin E deprivation and loading, additional measurements of oxidative stress such as Amplex Red staining [31, 32] , and additional measurements of osteocyte viability such as lactate dehydrogenase (LDH) staining [33] .
Our study has several limitations. First, we did not address the role of bone resorption in these experiments; however, it is important to note that cortical bone geometrical properties (e.g., cortical bone thickness) were not affected by dietary group, suggesting a lack of endocortical expansion that would have been driven by increased osteoclastic activity. Vitamin E's effects on bone resorption are also reported to be independent from its antioxidant activity [4] which was the primary focus of the current study. A second limitation is that experiments were only conducted in male mice, so sex-specific effects cannot be determined from these studies. We chose to study male mice because they have stronger cortical bone responses to treadmill exercise than female mice [34] , and because males may be more deleteriously affected by Vitamin E deficiency than females. For example, male αTTP-deficient mice show changes in bone mass as compared to wildtype controls, whereas female αTTP-deficient do not [6] , and muscle damage from treadmill exercise is more apparent in male Vitamin E-deprived rats than in female Vitamin E-deprived rats [35] .
Despite these limitations, our data imply that Vitamin E is important for mechanotransduction and adaptation of the musculoskeletal system, especially when considered in the context of Vitamin E's effects on PMD repair and cell survival [3, 18] . A previously unrealized role for Vitamin E in osteocytes may help explain some of the conflicting results regarding Vitamin E's effects on skeletal biology in previous studies. For example, in elderly humans, hip BMD was increased by supplementation with Vitamins E and C in the absence of a prescribed exercise regimen [13] , but supplementation with these same antioxidants blunted an exercise-induced increase in hip BMD and exerciseinduced decreases in circulating sclerostin [8] . Osteocyte viability was not examined in these human studies, but the failure of antioxidant-treated individuals to suppress sclerostin with exercise is consistent with our earlier finding that Vitamin E treatment blunted the mechanotransduction response of wounded osteocytes [8, 18] . The results of the current study, where Vitamin E-deprived mice demonstrated an enhanced bone formation response to short-term exercise but increased lacunar vacancy, suggest that there may be a window of optimal Vitamin E levels in skeletal health, and that the parameters of that window may differ depending on the physical activity of the subject. Future experiments will address the long-term effects of Vitamin E deficiency on bone adaptation and will examine the roles of osteoblast and osteoclast activity in the osteocytic control of PMD-driven bone adaptation.
